In developing countries like Pakistan, the capacity shortage (CS) of electricity is a critical problem. The frequent natural gas (NG) outages compel consumers to use electricity to fulfill the thermal loads, which ends up as an increase in electrical load. In this scenario, the authors have proposed the concept of a combined heat & power (CHP) plant to be a better option for supplying both electrical and thermal loads simultaneously. A CHP plant-based microgrid comprising a PV array, diesel generators and batteries (operating in grid-connected as well as islanded modes) has been simulated using the HOMER Pro software. Different configurations of distributed generators (DGs) with/without batteries have been evaluated considering multiple objectives. The multiple objectives include the minimization of the total net present cost (TNPC), cost of generated energy (COE) and the annual greenhouse gas (GHG) emissions, as well as the maximization of annual waste heat recovery (WHR) of thermal units and annual grid sales (GS). These objectives are subject to the constraints of power balance, battery operation within state of charge (SOC) limits, generator operation within capacity limits and zero capacity shortage. The simulations have been performed on six cities including Islamabad, Lahore, Karachi, Peshawar, Quetta and Gilgit. The simulation results have been analyzed to find the most optimal city for the CHP plant integrated microgrid.
Introduction
During the winter season in Pakistan, natural gas (NG) is used as a primary source to supply the thermal load in the form of heating [1] . However, due to frequent outages of NG during the winter season, consumers tend to switch to electricity to fulfil their heating needs [1] . As there is an average capacity shortage (CS) of around 27% in electricity, the supply of thermal load by electricity puts an extra burden on the grid [2] . In such a situation, a microgrid along with a combined heat and power (CHP) plant represents a sensible solution to utilize the wasted heat and improving the efficiency to 75-88% [3] [4] [5] [6] [7] [8] . A conventional thermal generation system has an efficiency of 25-35%, whereas the rest of energy is wasted in the form of unhealthy pollutant emissions [3] [4] [5] 7] . A CHP plant recovers the wasted heat by using a waste heat recovery (WHR) unit, and therefore helps in controlling the greenhouse gas (GHG) emissions [5, 9, 10] . A microgrid with a CHP plant ensures the supply of electrical and thermal loads at the same time. Microgrids can range from small units for a single home to larger units for an entire community [4] [5] [6] [7] 11] . Moreover, a microgrid with a CHP plant can operate both in grid-connected as well as islanded modes [3, 7, 8] . Currently, CHP plants have broadly grabbed the attention in various countries and pilot projects are being undertaken in Europe, the U.S. and Japan [8, 12] . So far, various researchers have investigated the operation of a CHP plant from certain perspectives. Guo et al. [3] have conducted research on an isolated hybrid CHP system consisting of PV/wind/gas turbine generator with vanadium redox flow battery (VRB) for the Qingshan Hu Campus of Hangzhou Dianzi University in China. With the implementation of a CHP system, the efficiency of the gas turbine was significantly improved from 29.5% to 82%. Ebara-Ballard et al. [4] have reported the steady state electrical efficiency of a combined fuel cell/CHP plant operating on NG to be 31%. For this unit, a net increase in fuel consumption and CO 2 emissions was expected. However, 52% of the fuel energy was recollected in the form of heat, which has improved the energy efficiency up to 83%. Boljevic et al. [5, 11] have analyzed the impact of CHP plant on thermal and electrical energy supply systems for small and medium sized enterprises. The authors have shown that the mentioned system has improved the overall efficiency of the system to around 77.6% and reduced the emissions to 57.8%. Ivanova et al. [6] have increased the efficiency of a CHP plant integrated with renewable energy sources up to 88%, by proposing a flexible operation algorithm. Bjelic et al. [12] have developed a microgrid with a CHP plant in HOMER to assess the lowest total net present costs (TNPC) under the variation of CO 2 reduction constraint. Ren et al. [13] have evaluated the economic as well as environmental effects of distributed energy resources (DER) on the power system by using a multi-objective linear programming (MILP) technique. An eco-campus in Japan was selected for case study while considering PV, fuel cell and gas turbine for the satisfaction of both electrical and thermal loads. Hossain et al. [14] have improved the efficiency of a diesel generator by utilizing the waste heat of a 4-stroke 4-cylinder water cooled direct injection Hino W04D internal combustion engine (usually known as diesel engine coupled with 50 kVA generator-set considering ammonia and HFC-134a), and finally compared their results with water. Hopulele et al. [15] have worked in the field of combined cool, heat and power (CCHP) plant using genetic algorithm and used HOMER as an optimization tool. The system has fulfilled 90% of electrical load and 75% of thermal load. Surdu et al. [16] have developed an optimization tool which focuses on CHP employment in a competitive energy market context. The authors have minimized the total operating cost by solving the long-term unit commitment involving a CHP plant. Colson et al. [7] have evaluated the benefits of a hybrid solid oxide fuel cell (SOFC) with CHP plant for energy sustainability and emissions control. The hybrid system fulfils the electricity as well as hot water needs for a residential community of 500 homes, more sustainably with less environmental emissions as compared to conventional power plants. Chernyaev et al. [17] have developed a load distribution optimization tool for a CHP plant. The tool optimizes the fuel consumption by using a CHP power plant. Dvorak et al. [18] have scheduled the operation of a CHP plant by using the decomposition methods based on the heat demand, fuel cost and electricity pricing. Sekgoele et al. [8] have carried out the assessment of land filled gas-based CHP plants in South Africa, both technically and economically. The authors have assumed that the stand-alone CHP plant will supply both heat and power to remote communities, while the grid-connected CHP plant will work only during the peak load periods. Chandan et al. [19] have modelled and optimized a CCHP plant to fulfil the cooling, heating and power needs of the University of California, Irvine (UCI) by using cogeneration and thermal storage capabilities. The authors have minimized the operating cost of the plant by forecasting the electrical and thermal loads. Ruieneanu et al. [9] have conducted the parallel operation of a CHP plant with wind farms and have reduced the CO 2 emissions, and therefore have reduced the operating cost of the system. Dai et al. [20] have proposed a new dispatch model for a CHP plant considering the heat transfer process. Boljevic [11, 21] has developed a planning algorithm for optimal sizing of CHP plant connected to an urban distributed network with least costs under long term network planning policy. Pierre et al. [10] have technically and economically accessed a flexible CHP plant with carbon capturing and storage. Their work resulted in gaining higher profits by reducing CO 2 emissions. Scholz et al. [22] have evaluated a system consisting of a CHP plant and a conventional gas-fired boiler with a power to heat unit. The authors have evaluated the benefits of the flexibility of power to heat unit to gain the economic incentives during low electricity price hours. Buoro et al. in [23] have evaluated a distributed energy supply system consisting of a CHP plant with PV and thermal storage by using mixed integer linear programming (MILP). Pareto fronts have been applied to the results to find the most optimized solution. Somma et al. in [24] have investigated a sustainable hybrid CHP-PV system to supply the both electrical and thermal loads. The results have shown that about 21-36% of the total annual costs were minimized with the optimized solution. Somma et al. [25] have developed a multi-objective optimization problem to reduce the energy costs and CO 2 emissions. The authors have considered various thermal energy storage systems to fulfill a time-varying load profile. The results have indicated that a reduction of 27% in costs and 26% in CO 2 emissions was achieved. Zhang et al. [26] have proposed a CHP plant integrated microgrid with energy storage to satisfy the electricity and heat demand. In order to minimize the computational burden, the authors have used a stochastic non-convex optimization which results in minimum operating cost. Ping et al. [27] have proposed a CHP plant dispatch model while considering thermal performance of pipe line and building's inertia. The model is executed by decoupling the electricity and heat supply and in this way the wind penetration is increased. The overall result is saving of operational costs of system. Zidan et al. [28] have proposed a multi-objective optimization problem to minimize the overall costs and CO 2 emissions simultaneously. A genetic algorithm (GA) was applied to find the optimal generation-mix among the CHP plants (with various properties), renewable sources and energy storages. Hussain et al. [29] have proposed a CCHP plant for building microgrids (BMGs) in grid-connected mode. A mixed integer linear programming (MILP) based optimization model to minimize the day to day operational cost has been developed. The cost has been reduced by the energy exchange with the external grid and heat exchange with the prosumer. Alarcon et al. [30] have performed a detailed review of the distributed energy resources integration in distribution networks. Various optimization techniques have been discussed to gain benefits like low operational costs, minimum CO2 emissions, reduction in network losses, enhancement in power quality etc. Moreover, the challenges of grid-integration like voltage regulation, frequency stability, adequacy, system reliability etc. have been investigated. Somma et al. [31] have developed a Pareto frontier based stochastic optimization technique for the daily scheduling of distributed energy resources to minimize the operating costs and CO2 emissions. A sensitivity analysis has been carried out to investigate the impact of high renewable penetration on the economic and environmental aspects. Maroufmashat et al. [32] have proposed a multi-objective optimization based on augmented epsilon constraint technique to minimize the operating costs and GHG emissions.
Most of the abovementioned research has been conducted to improve the efficiency of systems with a CHP plant with waste heat recovery (WHR). This WHR results in minimizing the operating costs. However, from microgrid perspective, there are other parameters like total net present costs (TNPC), cost of generated energy (COE), greenhouse gas (GHG) emissions, WHR and grid sales (GS), which also effect the efficiency of a CHP plant integrated microgrid. Therefore, in this paper the authors have analyzed a CHP plant integrated microgrid considering multiple objectives. The multiple objectives include the minimization of TNPC, COE, annual GHG emissions, and the maximization of the annual WHR and annual GS. Moreover, the CHP plant integrated microgrid has never been evaluated for Pakistan. This multi-objective optimization problem has been simulated for six cities of Pakistan including Islamabad, Lahore, Karachi, Peshawar, Quetta and Gilgit. Different configurations of distributed generators (DGs) like PV/diesel generators with/without batteries have been simulated in both grid-connected as well as isolated modes, to find the optimal configuration. The final optimal solution concludes the most optimum city. These cities are considered for evaluation because these are the most populous cities and provincial capitals [33] .
The rest of the paper is organized as follows: Section 2 presents an existing urban community load profile (electrical and thermal), solar energy resource (average monthly solar irradiance) for above mentioned six cities, and temperature resource for same cities. Section 3 shows the microgrid modeling in the form of different DG configurations with/without batteries. Section 4 shows the analysis of results considering multiple objectives. Section 5 concludes the paper. 
Data Collection

Load Profile
An urban community identical load profile (electrical and thermal) has been assumed for all the above-mentioned cities. In case of a non-thermal system (without WHR), the scaled annual electrical energy utilization is 13,331.07 kWh/d, peak electric load is 1427.06 kW and an average load is 555.46 kW, as shown in Figure 1 . In case of a thermal system (with WHR), the scaled annual electrical energy utilization is 10,911.02 kWh/d, peak electric load is 1073.99 kW and the average load is 454.63 kW, as shown in Figure 2 . An equivalent scaled annual thermal energy utilization is 2419.8 kWh/d, peak thermal load is 407.45 kW and an average load is 100.83 kW, as shown in Figure 3 . 
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An urban community identical load profile (electrical and thermal) has been assumed for all the above-mentioned cities. In case of a non-thermal system (without WHR), the scaled annual electrical energy utilization is 13,331.07 kWh/d, peak electric load is 1427.06 kW and an average load is 555.46 kW, as shown in Figure 1 . In case of a thermal system (with WHR), the scaled annual electrical energy utilization is 10,911.02 kWh/d, peak electric load is 1073.99 kW and the average load is 454.63 kW, as shown in Figure 2 . An equivalent scaled annual thermal energy utilization is 2419.8 kWh/d, peak thermal load is 407.45 kW and an average load is 100.83 kW, as shown in Figure 3 . [34] . According to the NASA database, as shown in Figure 4 , the average monthly solar irradiance in Karachi is greater than other cities during the winter months (January to April, October to December), whereas Peshawar has its peak during the peak summer months of June and July. Quetta has high irradiance in the months of August and September, Lahore has a high irradiance in the month of May.
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Solar Energy Resource
The 22-years (from July 1983 to June 2005) average monthly solar irradiance profiles of the Islamabad, Lahore, Karachi, Peshawar, Quetta and Gilgit located at 33°43.8' N, 73°5.6' E; 31°33.3' N, 74°21.4' E; 24°51.7' N, 67°0.6' E, 34°0.9' N, 71°34.8' E, 30°11.0' N, 66°59.9' E and 35°55.2' N, 74°18.5' E respectively, are taken from NASA (National Aeronautics and Space Administration) database [34] . According to the NASA database, as shown in Figure 4 , the average monthly solar irradiance in Karachi is greater than other cities during the winter months (January to April, October to December), whereas Peshawar has its peak during the peak summer months of June and July. Quetta has high irradiance in the months of August and September, Lahore has a high irradiance in the month of May. 
Temperature Resource
The same NASA database is utilized for the 22-year (July 1983-June 2005) average monthly temperature of earth' surface for the above-mentioned cities, as shown in Figure 5 . Karachi has greater average temperature for eight months (January-April, September-December), while Lahore has its peak for four months (May-August). On the other hand, Gilgit has the lowest peak during the entire year. 
Solar Energy Resource
Temperature Resource
Microgrid Modelling
A microgrid introduces the concept of operating the generating sources close to the loads. The generating sources could be thermal or renewable sources, supported by energy storage. This model enhances the efficiency, reliability and cost-effectiveness of the system, which cannot be achieved with a single generating source [25] . In this paper, the microgrid model composes of DGs including PV/diesel generators with/without batteries in both grid-connected as well as isolated modes, with and without considering the effect of WHR. In the context of a grid-connected system, the grid connection is utilized to sale the excess electricity of the microgrid in case of capacity shortage.
In total seventeen different configurations have been analyzed. The conventional diesel generators only system, as shown in Figure 6 , has been considered as a first configuration. Among the remaining sixteen configurations, eight are analyzed in isolated mode, as shown in Figure 7a -h and rest of the eight are analyzed in grid-connected mode, as shown in Figure 8a -h. In addition, among the remaining sixteen configurations, eight configurations have been simulated while considering the WHR effect, as shown in Figure 7c ,d,g,h and Figure 8c ,d,g,h. The PV is the only renewable energy resources used in study (because of the 2.9 million MW solar potential in Pakistan [35] ), while batteries are used as the only storage device.
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In total seventeen different configurations have been analyzed. The conventional diesel generators only system, as shown in Figure 6 , has been considered as a first configuration. Among the remaining sixteen configurations, eight are analyzed in isolated mode, as shown in Figure 7a -h and rest of the eight are analyzed in grid-connected mode, as shown in Figure 8a -h. In addition, among the remaining sixteen configurations, eight configurations have been simulated while considering the WHR effect, as shown in Figures 7c,d ,g,h and 8c,d,g,h. The PV is the only renewable energy resources used in study (because of the 2.9 million MW solar potential in Pakistan [35] ), while batteries are used as the only storage device. Tables 1 and 2 [ 36] , highlight different costs and technical details of the DGs with/without batteries. These parameters are the input data to HOMER Pro software. The GHG emissions penalty and CS penalty has been set at $20/ton and $20/kWh respectively [36] , whereas Pakistan's fuel price has been set at 0.75 $/L [37] . Table 3 , highlights the sizes of the DGs with/without batteries taken under consideration. Tables 1 and 2 [36] , highlight different costs and technical details of the DGs with/without batteries. These parameters are the input data to HOMER Pro software. The GHG emissions penalty and CS penalty has been set at $20/ton and $20/kWh respectively [36] , whereas Pakistan's fuel price has been set at 0.75 $/L [37] . Table 3 , highlights the sizes of the DGs with/without batteries taken under consideration. 
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Multi-Objective Analysis Using HOMER Pro
HOMER is an optimization tool developed by the U.S. National Renewable Energy Laboratory (NREL). HOMER Pro is the latest version. HOMER models the physical behavior and the life-cycle cost of a power system [38, 39] . In addition, HOMER allows the user to analyze different configurations of generating and storage units based on their technical and economic benefits. The user provides the resource data like average daily solar irradiance, load profile to be served, generating/storage units to be considered and their costs as input to the HOMER. The software then performs an hourly power balance calculation for each configuration for a year. After simulating all the possible configurations, the infeasible configurations are discarded and the feasible solutions are ranked according to the lowest total net present cost (TNPC).
HOMER uses an optimizer which is based on a derivative free optimization. The optimization algorithm uses a modified grid search algorithm. The user specifies different options (in the form of inputs) related to the generating/storage units in a searchable grid, while the algorithm searches for the optimal solution [40] . The HOMER initially takes input data in a table form, then it performs the simulations on the given data to find out all the possible configurations [40] . These configurations are then analyzed to shortlist the optimal configuration while considering the objectives. Figure 9 shows the flowchart for HOMER Pro.
Objective and Constraints
The optimal configuration for the CHP plant integrated microgrid is based on multiple objectives. The multiple objectives include the minimization of the, total net present cost (TNPC) of microgrid, cost of generated energy (COE) and the annual greenhouse gas (GHG) emissions, and the maximization of the, annual waste heat recovery (WHR) of thermal units and annual grid sales (GS). These multiple objectives are subject to the constraints of power balance with 25% of operating reserve, battery operation within state of charge (SOC) limits, generation capacity limit and zero capacity shortage. The TNPC of generating/storage unit is the present value of all the costs that it acquires during its lifespan minus the present value of all the revenues that it earns over its lifetime. Revenues include salvage value and grid sales [38] . The COE is calculated based on the total annualized cost and the total load supplied including the grid sales (GS). The GHG emissions include the pollutants like carbon dioxide (CO2), carbon monoxide (CO), unburned hydrocarbons (HC), Sulphur dioxide (SO2) and nitric oxides (NOx). All emissions are calculated by multiplying the fuel quantity with the emission coefficients [38] . In case of a CHP plant, the generator's heat is recovered to supply the thermal load. Normally the generator's fuel curve is used to estimate the electricity production for a given fuel. It is assumed that the remaining fuel energy will be converted to heat. Waste heat recovery (WHR) is the energy that can be recovered to supply thermal load [38] . Excess of energy that can be sold to the grid is accounted as grid sales (GS). This energy is the difference between total annual load and total annual generation [38] .
The power balance with 25% of operating reserve is an equality constraint which not only supplies the load demand, but also ensures 25% additional reserves. Battery operation within SOC limits is an inequality constraint which is maintained to achieve a prolonged battery life. Generator operation within capacity limits is also an inequality constraint to maintain fuel efficiency. Zero capacity shortage is a constraint to ensure the uninterrupted supply of load. Tables 4 and 5 indicate the optimal configurations of DGs with/without batteries for each mentioned city individually. The configurations include sizes of diesel generators (kW), PV arrays (kW), batteries (kWh) and converters (kW). Some configurations involve single generator (1Gen) and The TNPC of generating/storage unit is the present value of all the costs that it acquires during its lifespan minus the present value of all the revenues that it earns over its lifetime. Revenues include salvage value and grid sales [38] . The COE is calculated based on the total annualized cost and the total load supplied including the grid sales (GS). The GHG emissions include the pollutants like carbon dioxide (CO 2 ), carbon monoxide (CO), unburned hydrocarbons (HC), Sulphur dioxide (SO 2 ) and nitric oxides (NO x ). All emissions are calculated by multiplying the fuel quantity with the emission coefficients [38] . In case of a CHP plant, the generator's heat is recovered to supply the thermal load. Normally the generator's fuel curve is used to estimate the electricity production for a given fuel. It is assumed that the remaining fuel energy will be converted to heat. Waste heat recovery (WHR) is the energy that can be recovered to supply thermal load [38] . Excess of energy that can be sold to the grid is accounted as grid sales (GS). This energy is the difference between total annual load and total annual generation [38] .
Results and Analysis
The power balance with 25% of operating reserve is an equality constraint which not only supplies the load demand, but also ensures 25% additional reserves. Battery operation within SOC limits is an inequality constraint which is maintained to achieve a prolonged battery life. Generator operation within capacity limits is also an inequality constraint to maintain fuel efficiency. Zero capacity shortage is a constraint to ensure the uninterrupted supply of load. Tables 4 and 5 indicate the optimal configurations of DGs with/without batteries for each mentioned city individually. The configurations include sizes of diesel generators (kW), PV arrays (kW), batteries (kWh) and converters (kW). Some configurations involve single generator (1Gen) and single PV (1PV), however some configurations involve double generator (2Gen) and double (PV). Tables 6 and 7 , show the values of the multiple objectives based on the optimal configurations for each city. Finally, a comparative analysis has been performed to identify best solution in terms of defined objectives. Table 8 shows the most optimal value of each individual objective from different optimal configurations. Table 8 indicates the optimal solutions considering the objectives. Table 8 further shows that all the objectives are not pertaining to a single city. Gilgit has the most optimum values for TNPC and COE. However, its other three objectives are not optimum. Lahore has the most optimum value for annual GHG emissions. Similarly, Quetta has the most optimum values for annual WHR and annual grid sales. Figure 10 shows the comparative analysis of TNPC for different DG configurations for the six cities. Gilgit has the lowest TNPC among all DG configurations. In grid-connected mode, double diesel generator (2Gen) and double PV (2PV) with WHR system costs about 5.79 million$, which is the lowest TNPC. Table 8 indicates the optimal solutions considering the objectives. Table 8 further shows that all the objectives are not pertaining to a single city. Gilgit has the most optimum values for TNPC and COE. However, its other three objectives are not optimum. Lahore has the most optimum value for annual GHG emissions. Similarly, Quetta has the most optimum values for annual WHR and annual grid sales. Figure 10 shows the comparative analysis of TNPC for different DG configurations for the six cities. Gilgit has the lowest TNPC among all DG configurations. In grid-connected mode, double diesel generator (2Gen) and double PV (2PV) with WHR system costs about 5.79 million$, which is the lowest TNPC. Figure 11 shows the comparative analysis of COE for different DG configurations for the six cities. Gilgit has the lowest COE among all DG configurations. In grid-connected mode, double diesel generator (2Gen) and double PV (2PV) with WHR system costs about 0.049 $/kWh. Figure 11 shows the comparative analysis of COE for different DG configurations for the six cities. Gilgit has the lowest COE among all DG configurations. In grid-connected mode, double diesel generator (2Gen) and double PV (2PV) with WHR system costs about 0.049 $/kWh. Energies 2017, 10, 1625 16 of 21 Figure 11 . COE comparison. Figure 12 shows the annual GHG emissions for different DG configurations for the six cities. The DG configurations without WHR have lower GHG emissions. However, these configurations are excluded due to zero WHR. Lahore has the lowest annual GHG emissions among all DG configurations. In isolated mode, single generator (1Gen), single PV (1PV) and battery with WHR has the lowest GHG emissions of about 1000.214 tons/year. Figure 12 shows the annual GHG emissions for different DG configurations for the six cities. The DG configurations without WHR have lower GHG emissions. However, these configurations are excluded due to zero WHR. Lahore has the lowest annual GHG emissions among all DG configurations. In isolated mode, single generator (1Gen), single PV (1PV) and battery with WHR has the lowest GHG emissions of about 1000.214 tons/year. Figure 12 shows the annual GHG emissions for different DG configurations for the six cities. The DG configurations without WHR have lower GHG emissions. However, these configurations are excluded due to zero WHR. Lahore has the lowest annual GHG emissions among all DG configurations. In isolated mode, single generator (1Gen), single PV (1PV) and battery with WHR has the lowest GHG emissions of about 1000.214 tons/year. Figure 14 shows the annual grid sales for different DG configurations for the six cities. Quetta has the highest annual grid sales among all DG configurations. In grid-connected mode, double diesel generator (2Gen) and double PV (2PV) and battery with WHR has the highest annual grid sales of about 8,322,268 kWh/year. 
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Conclusions
In this research authors have demonstrated the use of CHP plant when the consumers of NG start using electricity due to outage of natural gas. This supply of thermal load by the electricity was putting an extra burden on the electricity grid. The authors have proposed a solution in the form of a CHP plant integrated microgrid to supply both electrical and thermal loads simultaneously. In this aspect HOMER Pro software has been used to simulate a CHP plant integrated microgrid. Different configurations of the DGs with/without batteries were evaluated considering multiple objectives, including the minimization of TNPC, COE and annual GHG emissions as well as the maximization of annual WHR and annual GS. These multiple objectives were subject to the constraints of power balance, battery operation within state of charge limits, generator operation within capacity limits and zero capacity shortage. The multi-objective analysis shows that a single city does not meet all the objectives in a single configuration. However, Gilgit and Quetta are two cities which satisfy more than one objective in a single configuration.
Gilgit has the lowest TNPC, in both grid-connected and isolated modes. It is because the temperature profile of Gilgit is very contented for solar PV power generation. As the operating cost of renewable energy is very low, and this in return makes the TNPC low. The value of TNPC is lower in configurations where double generators (2Gen) and double PV (2PV) systems of different ratings are used as compared to configurations with single generators (1Gen) and single PV (1PV) systems. This is because a single generator may operate inefficiently during low loads. A single generator (1Gen) with WHR has lower TNPC than a single generator (1Gen) with no WHR. It is because, a single generator (1Gen) with WHR supplies both the electrical as well as with WHR loads. Same is true for double generators (2Gen) with WHR. Among all the cities Gilgit has the lowest TNPC, followed by Peshawar, Islamabad, Quetta, Lahore and Karachi respectively.
Gilgit also has the lowest COE. It is because the temperature profile of Gilgit is very contented for solar PV power generation. As the operating cost of renewable energy is very low, and this in return makes the COE low. Authors concluded that the value of COE is lower in grid-connected configurations as compared to isolated configurations. This is due to the fact that the excess electricity could be sold to the grid. Furthermore, the value of COE is lower in double generator (2Gen) configurations as compared to single generator (1Gen) configurations, as during light loads, a single generator (1Gen) may operate inefficiently.
Lahore has the lowest annual GHG emissions. This is because the DG configuration in isolated mode (1Gen) with single generator has the lowest annual GHG emissions. It is concluded that GHG emissions are higher in grid-connected configurations as compared to isolated configurations. The configurations without battery have low GHG emissions as compared the configurations with battery. This is because battery charging from the generators results in higher GHG emissions. The configurations without WHR have lower GHG emissions as compared to the configurations with WHR. It is concluded that a configuration with double generator (2Gen) have more GHG emissions than configurations with single generator (1Gen).
Quetta has the highest annual WHR. A double generator (2Gen), double PV (2PV) and battery with WHR, recover the maximum heat in grid-connected mode.
Quetta also has the highest annual grid sales. A double generator (2Gen), double PV (2PV) and battery with WHR, sales maximum electricity to the grid on yearly basis.
The decision for selection of final most optimal city for the CHP integrated microgrid is left to the state authorities and the planning commission. In future work the authors expect a more detailed analysis on the effect of WHR on TNPC by varying the heat recovery ratio. Moreover, a more detailed analysis is expected by changing the generator fuel to biomass or natural gas.
